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Descripti n 

CROSS REFERENCE TO RELATED APPLICATIONS 

[0001] This application, claims priority to commonly- 
assigned U.S. provisional application, entitled "Method 
for Electrochemical Deposition of Metal Using Modulat- 
ed Waveforms/* Serial No. 60/187,821, filed March 8, 
2000. This application is a continuation-in-part of com- 
monly-assigned copending U.S. application, entitled 
"Electrochemical Deposition for High Aspect Ratio 
Structures using Electrical Pulse Modulation," Serial 
No. 09/569,833, filed May 11 , 2000, which claims priority 
to commoniy-assigned U.S. provisional application, en- 
titled "Electrochemical Deposition for High Aspect Ratio 
Structures using Electrical Pulse Modulation," Serial 
No. 60/143,361, filed July 12, 1999. All of the above- 
referenced provisional applications are incorporated 
herein by reference. 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

[0002] The invention relates to electrochemical dep- 
osition of a metal. 

2. Background of the Related Art 

[0003] Sub-quarter micron , multi-level metallization is 
one of the key technologies for the next generation of 
ultra large scale integration (ULSI). The multilevel inter- 
connects that lie at the heart of this technology require 
planarization of interconnect features formed in high as- 
pect ratio apertures, including contacts, vias, lines and 
other features. Reliable formation of these interconnect 
features is very important to the success of ULSI and to 
the continued effort to increase circuit density and qual- 
ity on individual substrates and die. 
[0004] As circuit densities increase, the widths of vias, 
contacts and other features, as well as the dielectric ma- 
terials between them, decrease to less than 250 nanom- 
eters, whereas the thickness of the dielectric layers re- 
mains substantially constant, with the result that the as- 
pect ratios for the features, /.e., their height divided by 
width, increases. Many conventional deposition proc- 
esses have difficulty filling structures where the aspect 
ratio exceeds 4:1 , and particularly where the aspect ra- 
tio exceeds 10:1 . Therefore, there is a great amount of 
ongoing effort being directed at the formation of void- 
free, nanometer-sized features having high aspect ra- 
tios wherein the ratio of feature height to feature width 
can be 4:1 or higher. Additionally, as the feature widths 
decrease, th device current remains constant or in- 
creases, which r surts in an increas d current density 
in the f ature. 

[0005] Elemental aluminum (Al) and its alloys have 
been the traditional metals used to form lines and plugs 


in semiconductor processing because of aluminum's 
perceived low electrical resistivity, its super iheston 
to silicon dioxide (Si0 2 ). its ease of pattern .. and the 
ability to obtain it in a highly pure form. However, alumi- 
5 num has a higher electrical resistivity than other more 
conductive metals such as copper, and aluminum also 
can suffer from electromigration leading to the formation 
of voids in the conductor. 

[0006] Copper and its alloys have lower resistivities 
10 than aluminum and significantly higher electromigration 
resistance as compared to aluminum. These character- 
istics are important for supporting the higher current 
densities experienced at high levels of integration and 
increased device speed. Copper also has good thermal 
75 conductivity and is available in a highly pure state. 
Therefore, copper is becoming a choice metal for filling 
sub-quarter micron, high aspect ratio interconnect fea- 
tures on semiconductor substrates. 
[0007] Despite the desirability of using copper for 
20 semiconductor device fabrication , choices of fabrication 
methods for depositing copper into very high aspect ra- 
tio features, such as 4:1 , having 0.35u.m (or less) wide 
vias are limited. As a result of these process limitations, 
plating, which had previously been limited to the fabri- 
cs cation of lines on circuit boards, is just now being used 
to fill vias and contacts on semiconductor devices. 
[0008] Metal electroplating is generally known and 
can be achieved by a variety of techniques. A typical 
method generally comprises depositing a barrier layer 
30 over the feature surfaces, depositing a conductive melai 
seed layer preferably copper, over the barrier layer, and 
then electroplating a conductive metal over the seed lay- 
er to fill the structure/feature. The deposited layers and 
the dielectric layers can be planarized, such as by chem- 
35 ical mechanical polishing (CMP), to define a conductive 
interconnect feature. 

[0009] Electroplating or electrochemical deposition is 
being projected as an economical and viable solution 
for future copper interconnect needs. FIG. 1 is a simpli- 

40 tied sectional view of a fountain plater 1 0. Generally, the 
fountain plater 10 includes an electrolyte container 12 
having a top opening, a substrate holder 14 disposed 
above the electrolyte container 12, an anode 16 dis- 
posed at a bottom portion of the electrolyte container 1 2 

45 and a contact ring 20 contacting the substrate 22. A plu- 
rality of grooves 24 are formed in the lower surface of 
the substrate holder 1 4. A vacuum pump (not shown) is 
coupled to the substrate holder 14 and communicates 
with the grooves 24 to create a vacuum condition capa- 

50 ble of securing the substrate 22 to the substrate holder 
14 during processing. The contact ring 20 comprises a 
plurality of metallic or semi-metallic contact pins 26 dis- 
tributed about the peripheral portion of the substrate 22 
to define a central substrate plating surface. The plural- 

55 ity of contact pins 26 extend radially inwardly over a nar- 
row perimeter portion of the substrate 22 and contact a 
conductive seed layer of the substrate 22 at the tips of 
the contact pins 26. A power supply 30 is electrically 
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connected to the anode 16 and to the pins 26 thereby 
providing an electrical bias to the substrate 22. The sub- 
strate 22 is positioned above the cylindrical electrolyte 
container 12 and electrolyte flow impinges perpendicu- 
larly on the substrate plating surfac during operation of 
the cell 10. 

[0010] The electroplating process is typically carried 
out by applying a constant current density across the 
substrate plating surface. For example, a constant cur- 
rent density between about 1 and about 60 miltiam- 
peres/cm 2 (mA/cm 2 ), e.g., about 40 mA/cm 2 , is applied 
across the substrate plating surface to cause deposition 
thereon. Since the deposition rate is generally a function 
of the current density applied over the substrate plating 
surface, the current density is typically increased, e.g., 
greater than about 40 mA/cm 2 , to provide faster depo- 
sition and increased substrate throughput. 
[0011] One particular problem, encountered in exist- 
ing electroplating processes is that these electroplating 
processes have not been able to provide void-free or 
seam-free fill of high aspect ratio structures. FIG. 2 il- 
lustrates a typical deposition result of a high aspect ratio 
feature 202 on a substrate 200 wherein the mouth/open- 
ing 206 of the structure 202 closes off due to overhang 
or excess deposition of copper at the mouth/opening 
206 of the structure 202 • also known as crowning. It has 
been observed that the deposited metal 21 0 tends to 
grow much faster at the mouth or opening 206 of the 
structure 202, resulting in crowning at the mouth/open- 
ing 206 of the structure 202 and leaving a void 204 inside 
the structure 202. as well as a seam 208. The crowning 
is accelerated by an increase of the current densities 
during electroplating, thereby causing even larger voids. 
It has been observed that voids are also formed in the 
interconnect features due to grain mismatches from the 
deposition growth. Furthermore, the presence of the 
seam 208 may result in void formation during subse- 
quent processing such as substrate annealing. 
[001 2] Therefore, there is a need for a method of elec- 
trochemical deposition of a metal into high aspect ratio 
structures on a substrate that provides void-free and 
seam-free fill of high aspect ratio structures. 

SUMMARY OF THE INVENTION 

[0013] The invention is defined in claims 1, 11, and 
16, respectively. Particular embodiments of the inven- 
tion are set out in the dependent claims. 
[0014] The present invention provides a method for 
electrodepositibn of a metal on a substrate, comprising 
applying at least two electrical pulses to the substrate, 
and providing at least one time interval of zero electrical 
voltage or current, also known as an "off -time", between 
the two pulses. In one embodiment, the off-time is pro- 
vid d after a dissolution pulse, while in another embod- 
iment, th off-time is provided after a deposition pulse. 
In y t another embodiment, off-times are provided after 
each deposition and dissolution pulses. Void-free and 


seam-free deposition of high aspect ratio features can 
be achieved by optimizing the electrical pulse ampli- 
tudes and time durations within a pulse plating wave- 
form. 

5 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] The teachings of the present invention can be 
readily understood by considering the following detailed 
10 description in conjunction with the accompanying draw- 
ings, in which: 


FIG. 1 illustrates a schematic representation of an 
apparatus suitable for performing electroplating ac- 
cording to the present invention; 
FIG. 2 illustrates a schematic cross -sectional view 
of a typical deposition result of a high aspect ratio 
feature using prior art techniques; 
FIG. 3 illustrates a schematic cross-sectional view 
of deposition inside a high aspect ratio feature ob- 
tained from the present invention; 
FIG. 4 illustrates electrical connections for practic- 
ing the present invention; 

FIGS. 5a-d depict different waveforms for electro- 
plating deposition; 

FIG. 6 illustrates a waveform for Deflating incor- 
porating an off-time according to one embodiment 
of the invention; and 

FIG. 7 illustrates a metallization process sequence 
incorporating the present invention 


15 


20 


25 


30 


35 


[0016] To facilitate understanding, identical reference 
numerals have been used, where possible, to designate 
identical elements that are common to the figures. 

DETAILED DESCRIPTION OF THE INVENTION 


[0017] The invention generally provides a method for 
electrochemical deposition of a metal on a substrate, re- 

40 suiting in void-free and seam-free metal deposition in 
high aspect ratio structures. In particular pulse plating 
is used, in conjunction with the provision of an "off-time" 
in the plating waveform, to achieve void-free, superfill 
electroplating of high aspect ratio structures. 

45 [0018] The invention can be incorporated within a 
metallization process sequence such as that shown in 
FIG. 7. The process sequence 700 of FIG. 7 illustrates 
several steps in the formation of a metallization structure 
in a high aspect ratio feature. In step 701 , a high aspect 

so ratio feature, e.g., a trench or via, is formed on a sub- 
strate such as a semiconductor wafer. The trench or via 
may be formed by conventional lithographic and etching 
techniques in an insulating layer that has previously 
been deposited on the wafer. In step 703, a barrier layer 

55 is dep sited inside the high aspect ratio feature. The 
barrier layer, which prevents undesirable diffusion b - 
tw en the underlying substrate and a subsequently de- 
posited metal layer, can be deposited either by ch mica) 
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vapor deposition (CVD) or physical vapor deposition 
(PVD). Optionally, an adhesion layer may also be de- 
posited (not shown in FIG. 7) prior to the formation of 
the barrier layer. 

[0019] A seed layer of metal is then deposited, by 
CVD or PVD ; on the barrier layer in step 705. This metal 
seed layer is typically relatively thin, and is used to fa- 
cilitate a subsequent electrochemical deposition (or 
electroplating) performed in step 707. The seed layer 
metal may be the same as the metal to be deposited in 
step 707, or another conductive material such as metal 
nitride, among others. For example, in copper applica- 
tions, the seed layer may be copper. However, other 
metals or conductive materials suitable for promoting 
electroplating can also be used. For example, noble 
metals or highly conductive metals such as gold, silver, 
platinum, palladium, nickel, aluminum, tungsten, tin or 
their alloys are appropriate. When conductive nitrides 
such as tungsten nitride is used, the nitride layer may 
also act as a barrier layer. 

[0020] During step 707, electrochemical plating is 
performed using a plating solution to deposit a metal lay- 
er to a thickness that is at least sufficient to substantially 
fill the high aspect ratio feature. According to embodi- 
ments of the invention, the high aspect ratio feature is 
filled with the metal in a void-free and seam-free manner 
by pulse plating techniques using modulated wave- 
forms. In one aspect of the invention, the modulated 
waveforms comprise electrical pulses of opposite polar- 
ities, aiong with time intervals of zero electrical pulses, 
or "off -times". The off -times in the plating waveforms al- 
low re-distribution of various chemical species in the 
plating solution around the high aspect ratio feature to 
achieve desirable deposition profiles. In another aspect 
of the invention, pulse plating is used in combination 
with conventional DC plating to achieve void-free and 
seam-free metal deposition on the high aspect ratio fea- 
ture. Although it is generally preferable that the deposi- 
tion be both void-free and seam-free, it is recognized 
that void-free deposition alone may suffice for certain 
applications. 

[0021] After the formation of the metal layer to a de- 
sired thickness, a pianarization step 709 may be per- 
formed to remove portions of the metal layer that lie out- 
side the high aspect ratio feature, resulting in a 
planarized metallization structure on the wafer. The 
pianarization may be performed, for example, by chem- 
ical mechanical polishing (CMP). 
[0022] The invention is preferably practiced using an 
electrochemical deposition cell, such as the Millenia™ 
Cu ECP system, available from Applied Materials, Inc., 
Santa Clara, CA. A detailed description of an electro- 
chemical deposition system is provided in commonly as- 
signed and copending U.S. Patent Application 
09/289,074, ntitled "Electro-chemical Deposition Sys- 
tem", filed on April 8, 1 999, which is hereby incorporated 
by reference. 

[0023] Embodiments of the present invention are 


preferably practic d with a copper electroplating bath 
having multiple components compnsing copper electro- 
lyte and additives such as suppressers and accelerators 
(also called brighteners). A detailed description of the 

5 electroplating chemistry, particularly the composition of 
the electrolyte and additives, is provided in commonly 
assigned and copending U.S. Patent Application No. 
09/245,780. entitled "Electrodeposition Chemistry for 
Improved Filling of Apertures," filed on February 5. 

10 1999, which is hereby incorporated by reference. 

[0024] In this exemplary electroplating bath, the cop- 
per electrolyte provides the metal ions to be deposited 
while the suppressers and accelerators control the dep- 
osition profile. For example, the suppressers adsorb on 

is the wafer surfaces and inhibit or reduce copper deposi- 
tion in those areas where suppressers have been ad- 
sorbed. Brighteners or accelerators compete with sup- 
presser molecules for adsorption sites and accelerate 
copper growth in the areas where brighteners or accel- 

20 erators have been adsorbed. 

[0025] In one embodiment, the electrolyte comprises 
copper sulphate, sulphuric acid and chloride tons. The 
accelerator or catalyst comprises sulphides, which ad- 
sorb strongly on copper in the presence of sulphuric ac- 

25 id. The suppressor may be glycol-based, and may com- 
prise, for example, polyethyl glycol (PEG). The suppr s- 
sor adsorbs on copper and forms an adherent film in th 
presence of chloride ions. In the areas with adsorbed 
suppressor, copper deposition is reduced or inhibit d. 

so The activities of suppressers and accelerators depend 
on various parameters such as temperature. pH and 
chloride concentration in the electroplating bath, and all 
of these parameters directly or indirectly affect the po- 
larization of these additives. 

35 [0026] The suppressers and accelerators tend to re- 
side over the surfaces in the interconnect structures (i. 
e., vias and trenches) as soon as the substrate comes 
into contact with the electroplating bath. Since the mo- 
lecular dimensions of accelerators are much smaller 

40 than that of suppressers, the accelerators can diffuse 
through the electrolyte faster than the suppressers. 
Crowning may occur when metal deposition is en- 
hanced by accelerators near the opening of the vias or 
trenches, and metal ions are depleted inside the vias or 

45 trenches. According to embodiments of the invention, 
the off-times in the plating waveforms allow re-distribu- 
tion of the concentrations of accelerators, suppress rs 
and metal ions, and ensure metal deposition to be 
achieved without crowning or void formation. 

so [0027] For void-free deposition in a structu re with h tgh 
aspect ratio features (e.g., vias or trenches), it is desir- 
able that electroplating be suppressed at the top of the 
topographical structure, while accelerated inside the 
structure. This will promote a bottom-up growth condi- 

55 tion, in which the deposition rate at the bottom of the 
high aspect ratio feature is greater than that towards the 
opening or sidewall of the feature, resulting in a "super- 
fill" deposition, which is fre of voids or seams. FIG. 3 
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illustrates schematically a cross-sectional view of a su- 
perfilled via structure 302 on a substrate 300. In this il- 
lustration . a metal layer 31 0 is deposited in the via struc- 
ture 302. or generally a high aspect ratio feature, in a 
bottom-up growth manner. As such, overhang or excess 
deposition towards the opening 306 of the via structure 
302 is avoided, and a void-free and seam-free metal 
deposition inside the via structure 302 can be achieved. 
[0028] According to embodiments of the invention, 
various electrical waveforms are used for pulse plating, 
and desirable plating results such as a superfill profile 
can be achieved by proper adjustment of the various 
electrical pulses. The concentration gradients of metal 
ions, additives or suppressers in the proximity of the 
high aspect ratio feature are affected by the sequencing 
and durations of deposition and dissolution pulses. For 
example, it is believed that the duration of a deposition 
pulse controls the deposition on the sidewall of the fea- 
ture, white the dissolution pulse creates additional metal 
tons and thus, a concentration gradient of these ions, 
around the feature. By dissolving some deposited metal 
from the top of the feature, a dissolution pulse (or re- 
verse pulse) allows sufficient time for bottom-up growth 
within the high aspect ratio feature, without void or seam 
formation. Furthermore, the deposition and dissolution 
rates can be controlled by varying the magnitudes of the 
respective electrical pulses. 

[0029] It is recognized by the inventors that a catalytic 
effect, which affects both the deposition and dissolution 
reaction, is required to achieve superfi!! deposition. 
Thus ; it is desirable to facilitate the resorption of accel- 
erators by introducing an off -time after a deposition 
pulse, or after a dissolution pulse, or between deposition 
and dissolution pulses. Typically, the time required for 
resorption of accelerators depend on the bulk solution 
concentration of the accelerators, and the off-time is ad- 
justed to be on the order of the diffusion time constant 
of the accelerator molecules. FIG. 4 is a schematic dia- 
gram showing the electrical connections for an electro- 
plating system according to embodiments of the inven- 
tion. A power supply 402 is connected to two electrodes 
404 (e.g., anode) and 406 {e.g., cathode) of an electro- 
plating system. The cathode 406 electrically contacts a 
seed layer 410 on the plating surface 408 of the sub- 
strate 430. The power supply 402 preferably includes a 
control circuit 420 that switches between a constant cur- 
rent operation and a constant voltage operation. The 
control circuit 420 of the power supply 402 also controls 
the polarity of the output. The power supply 402 prefer- 
ably also includes a switching circuit 422 that is pro- 
grammable to produce a variety of output waveforms, 
such as an output waveform comprising combinations 
of a constant voltage or current output for a first duration, 
a constant voltage or current output for a second dura- 
tion, and an "off -time" corresponding to zero voltage or 
current output. The inv ntion contemplates utilizing a 
variety of power supply designs that are capable of pro- 
ducing such output waveforms and is not limited to any 


particular power supply design. 

[0030] According to embodiments of the invention, 
pulse plating is used in conjunction with provisions of an 
"off-time" to control the deposition and dissolution of 

5 metal in the vicinity of the high aspect ratio structure. 
Although the present discussion focuses on the effect 
around a high aspect ratio feature, it is recognized that 
the off-time may also affect metal deposition and disso- 
lution in other areas of the substrate. In pulse plating, 

10 electrical pulses - either voltage or current pulses, are 
applied to the substrate 430 in certain combinations. 
These pulse combinations may comprise different se- 
quences of pulses of different polarities to achieve metal 
deposition and dissolution. This contrasts with DC plat- 

? 5 ing, in which a continuous voltage or current is applied 
to the, substrate for a time duration for metal deposition. 
[0031] FIG. 5a illustrates a pulse plating waveform 
550 having current pulses with different polarities. In this 
example, current pulses 511 and 513 correspond to 

20 deposition pulses, during which copper ions in the elec- 
trolyte are accelerated towards the cathode 406, result- 
ing in the plating of copper on the substrate 430. The 
negative current pulses 521 and 523 correspond to dis- 
solution pulses, during which the copper that has b en 

25 plated on the substrate 430 is dissolved by being con- 
verted into copper ions in the electrolyte. By using dif- 
ferent combinations of electrical pulses of opposite po- 
larities, plating of copper can be achieved with varying 
profiles, 

?o [0032] To achieve superfill in a high aspect ratio struc- 
ture, e.g., a via or trench: it is desirable to have a higher 
current density at the bottom than at the top of the struc- 
ture. 

[0033] FIG. 5b illustrates a waveform 552 incorporat- 
es ing the present invention. The waveform 552 comprises 
electrical pulses of opposite polarities, e.g., 531, 541 , 
533, 543 and 535. These pulses are characterized by 
respective time durations t1 , t2, t3 and t4. According to 
the present invention, an "off -time" is provided in the 
*o waveform 552 during which, the electrical pulse ampli- 
tude is zero. For example, an off-time OT1 is provided 
between the dissolution pulse 541 and the deposition 
current pulse 533, while a second off-time OT2 is pro- 
vided between the dissolution pulse 543 and the depo- 
45 sition pulse 535. 

[0034] In general, there are three pulse plating time 
durations of interest: 1 ) Deposition time duration; 2) Dis- 
solution time duration; and 3) Off-time. Typically, th 
specific choices of deposition and dissolution pulse du- 
so rations depend on the aspect ratios of the structures to 
be filled, and process optimization may involve, for ex- 
ample, varying the ratio of the deposition pulse duration 
to the dissolution pulse duration. After a deposition 
pulse, a concentration gradient of copper ions is created 
55 inside the via due to th consumption of copp r ions. It 
is found that if th copper ion distribution and the con- 
centration gradient of additiv s generated during the 
dissolution step are not balanced, crowning or void f or- 
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mation can occur. 

[0035] Therefore, the durations of the off-time OT1 
and OT2 are selected to establish proper concentration 
gradients, or redistribution of the various copper or ad- 
ditive species in the vicinity of the structure. For exam- 
ple, the off-time duration may be selected to be on the 
order of the diffusion time constant of a certain species 
of interest. The diffusion time r for any of the species in 
the electroplating bath may be approximated by: t = h 2 / 
D, where h represents the depth of the via and D repre- 
sents the diffusivity of the species. In one embodiment, 
electroplating is performed on vias having a depth of 
about 1 .6 urn. With the electroplating bath used in this 
embodiment, the diffusivity of the additives is believed 
to be one or two orders of magnitudes lower than that 
of copper, For a 1 ,6 u,m via, tor example, the diffusion 
time for additives is estimated to be about 50 millisec- 
onds (ms). Thus, an off-time duration of about 100 ms 
may be selected in the plating waveform, to allow for a 
sufficiently long time for the additives to diffuse and es- 
tablish the proper concentration distribution for a void- 
free and seam-free filling of the via. Note that since dif- 
fusion is a function of temperature, the specific bath tem- 
perature may also affect the choice of the off -time dura- 
tions OT1 and OT2. In general, since the molecular di- 
mensions of catalysts or accelerators are smaller than 
that of the suppressers, the diffusion of catalysts is also 
faster than that of suppressers. 

[0036] In the illustrative embodiment of FIG. 5b, the 
forward current or voltage (/,©., for deposition) for the 
pulses 531 . 533 and 535 has a lower amplitude (A f ) than 
the amplitude (A r ) of the reverse current or voltage used 
for the dissolution pulses 541 and 543. This arrange- 
ment tends to reduce the formation of voids. Although 
each electrical pulse shown in FIG. 5b has a constant 
amplitude within the pulse duration, it is also possible to 
use plating pulses with amplitudes that are ramped as 
a function of time. In addition, it is not necessary that all 
deposition (or dissolution) pulses have the same ampli- 
tudes within one plating waveform. 
[0037] FIGS. 5c-5d illustrate other variations of wave- 
forms incorporating the present invention. FIG. 5c, for 
example, shows a waveform 554 having off -time inter- 
vals OT3 and OT4 after respective positive pulses 571 
and 573 but before respective negative pulses 561 and 
563. FIG. 5d illustrates a waveform 556 that provides 
off-time intervals OT5, OT6, OT7 and OT8 before and 
after each electrical pulse 591 , 581 , 593, 583 and 595, 
regardless of polarities. It should be noted that, in gen- 
eral, the time durations of each pulse and the off-time 
may be different from each other, and can be adjusted 
according to specific . desired profiles or properties of 
the deposited metal. For example, the off-time duration 
may range from about 1 ms t about 500 ms. The puis 
duration for a deposition (cathodic) pulse may range 
from about 500 ms to about 3000 ms, while that for a 
dissolution pulse (anodic) may rang from about 1 ms 
to about 300 ms. The choice of the pulse durations de- 


pends on the width and aspect ratio of the feature, as 
well as on the current densities used. For example, a 
smaller feature (or higher aspect, ratio) would typically 
require a lower ratio of deposition pulse duration to dis- 

s solution pulse duration. The amplitude of a deposition 
pulse is typically in the range of about 0.5 Amp to about 
1 0 Amp, while that of a dissolution pulse may range from 
about 3 Amp to about 60 Amp. The magnitudes of dep- 
osition and dissolution current densities are determined 

w based on various considerations such as the require- 
ment forsuperfill profile and process throughput, among 
others. 

[0038] In addition, the use of an off -time may also be 
combined with DC plating, as illustrated in FIG. 6. which 

*5 shows deposition pulses 601 , 603 of one polarity fol- 
lowed by respective off-time durations 602 , 604. A DC 
current density of between about 1 and about 60 milli- 
amperes/cm 2 may be used. Alternatively, the desired via 
fill may be performed by pulse plating using multiple cy- 

20 ctes of deposition and dissolution pulses, with or without 
off-times, followed by electroplating to the required total 
copper thickness using DC plating." 

Example 

25 

[0039] An example is given below of copper electro- 
plating according to one embodiment of the invention 
on a substrate having high aspect ratio interconnect f a- 
tures. Prior to electroplating, a barrier layer comprising 

30 about 250A of tantalum nitride is deposited by physical 
vapor deposition over the substrate using processing 
parameters that are known in the art. Preferably, the bar- 
rier layer is deposited using a Vectra IMP™ chamber 
from Applied Materials, Inc., Santa Clara, California. A 

35 copper seed layer having a thickness of about 2000A is 
formed on the barrier layer, using, for example, known 
processing parameters for physical vapor deposition. 
The substrate is then transferred to an electroplating 
cell, e.g., a Millenta™ ECP system, available from Ap- 

40 plied Materials, Inc., for copper electroplating. 

[0040] In this embodiment, the electroplating bath 
comprises 0.85M copper sulphate, appropriate addi- 
tives (suppressors and accelerators) and chloride ions 
at about 60 to about 70 ppm, with a bath pH of about 

43 1 .0 at a temperature of about 1 5°C. The additives, ac- 
celerator U X M and suppresser "Y" were supplied by Lea 
Ronal (or Shipley Ronal) of New York, and are kn wn 
as Electra plate X Rev 1 .0 and Electra plate Y Rev 1 .0, 
which is also known as SB additive. The plating wave- 

so form comprises a deposition pulse having an amplitud 
of about 3 Amp and a duration of about 3 s, a negativ 
pulse (dissolution) duration of about 100 ms and an am- 
plitude of between about 25 Amp to about 40 Amp, pref- 
erably about 30 Amp, al ng with an off-tim duration of 

55 about 100 ms after the dissolution puis . For example, 
about 15 to about 20 cycles (comprising a sequence of 
depositi n, dissolution and off-time) ar usedt achiev 
void-free filling of 1 .6 u.m deep, sub-0.25 u,m vias. It is 
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also observed that hydrogen given off during the disso- 
lution pulse may be trapped inside the vias of the wafer. 
Thus, it is generally d sirable to incorporate an off-time 
after the dissolution pulse that is sufficiently long to allow 
for hydrogen to escape from the vias. 
[0041] Although several preferred embodiments 
which incorporate the teachings of the present invention 
have been shown and described in detail, those skilled 
in the art can readily devise many other varied embod- 
iments that stitl incorporate these teachings. 


Claims 

1 . A method for electroplating a metal on a substrate, 
comprising the steps of: 

(a) applying a first electrical pulse to the sub- 
strate; 

(b) providing a time interval of zero electrical 
pulse after the first electrical pulse; and 

(c) applying a second electrical pulse to the 
substrate. 

2. The method of claim 1 , wherein the first electrical 
pulse has a negative polarity. 

3. The method of claim 1 , wherein the first electrical 
pulse and the second electrical pulse have opposite 

4. The method of claim 1 . wherein the time interval of 
zero electrical pulse is between about 1 and 500 
milliseconds. 

5. The method of claim 2, wherein the first electrical 
pulse is a current pulse having an amplitude be- 
tween about 3 and about 60 amperes. 

6. The method of claim 2, wherein the first electrical 
pulse has a time duration between about 1 and 
about 300 milliseconds. 

7. The method of claim 3, wherein the first electrical 
pulse is a deposition pulse during which metal is de- 
posited on the substrate. 

8. The method of claim 7, wherein the deposition pulse 
has an amplitude between about 0.5 and about 10 
amperes. 

9. The method of claim 7, wherein the deposition pulse 
has a time duration between about 500 and about 
3000 milliseconds. 

10. The method of claim 1 , further comprising the steps 

of: 
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(d) providing a time interval of zero electrical 
pulse after the second electrical pulse to the 
substrate: 

(e) applying a third electrical pulse to the sub- 
strate; 

wherein the first electrical pulse and the 
third electrical pulse are deposition pulses and 
the second electrical pulse is a dissolution 
pulse. 

11. A method for depositing a metal on a substrate, 
comprising the steps of: 

(a) providing a sequence of electrical pulses to 
the substrate; and 

(b) providing a time interval of zero electricai 
pulse between each of the electrical pulses in 
the sequence. 

12. The method of'claim 11, wherein the sequence of 
electrical pulses are deposition pulses. 

13. The method of claim 11 , wherein successive pulses 
in the sequence of electrical pulses have opposite 
polarities. 

14. The method of claim 11 , wherein the^steps (a) and 
(b) are performed with the substrate in an electro- 
plating bath comprising a chemical having a diffu- 
sion time constant about equal to the time interval 
of zero electrical pulse. 

15. The method of claim 14, wherein the electroplating 
bath further comprises copper ions. 

16. A method for electroplating a metal on a substrate 
having a trench, comprising the steps of: 

(a) applying a first electrical pulse having a first 
polarity to the substrate; 

(b) applying a second electrical pulse to the 
substrate, wherein the second electrical pulse 
has a second polarity opposite to the first po- 
larity of the first electrical pulse; 

(c) repeating steps (a) and (b) for a plurality of 
cycles to deposit the metal inside the trench; 
and 

(d) applying a DC current to the substrate to de- 
posit the mecal to a desired thickness on the 
substrate. 

1 7. The method of claim 16, further comprising the step 
of providing a time interval of zero electrical pulse 
between the first and the second electrical pulses. 

18. The method of claim 16, wherein the first el ctrical 
pulse has a n gative polarity, a pulse duration of 
about 100 milliseconds and a pulse amplitude of 
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about 25 Amperes. 

19. The method of claim 17, wherein the time interval 
of zero electrical pulse is about 100 milliseconds. 
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